In canine, isovolumetric, left ventricle preparations, stimulation of the cardiac end of a cut cervical vagus nerve evokes a biphasic change of left ventricular systolic pressure (LVSP). Characteristically, there is a definite reduction of LVSP during the stimulus, followed by a slight increase of LVSP after cessation of stimulation. The magnitude of the reduction of LVSP during vagal stimulation is considerably augmented when sympathetic activity is increased either directly (by electrical stimulation of the left stellate ganglion) or reflexly (by lowering carotid sinus pressure). These results indicate that the effect of vagal stimulation is mediated, at least in part, by antagonizing the positive inotropic influence of the prevailing sympathetic nervous activity. The mechanism of the poststimulation rebound is unknown. It may be due to cardiac sympathetic fibers in the canine vagosympathetic nerve trunks and to the release of catecholamine-like substances in the myocardium.
ABSTRACT
In canine, isovolumetric, left ventricle preparations, stimulation of the cardiac end of a cut cervical vagus nerve evokes a biphasic change of left ventricular systolic pressure (LVSP). Characteristically, there is a definite reduction of LVSP during the stimulus, followed by a slight increase of LVSP after cessation of stimulation. The magnitude of the reduction of LVSP during vagal stimulation is considerably augmented when sympathetic activity is increased either directly (by electrical stimulation of the left stellate ganglion) or reflexly (by lowering carotid sinus pressure). These results indicate that the effect of vagal stimulation is mediated, at least in part, by antagonizing the positive inotropic influence of the prevailing sympathetic nervous activity. The mechanism of the poststimulation rebound is unknown. It may be due to cardiac sympathetic fibers in the canine vagosympathetic nerve trunks and to the release of catecholamine-like substances in the myocardium.
ADDITIONAL KEY WORDS ventricular contractility vagus nerve fibers ventricular performance sympathetic nerve fibers nervous control of ventricular performance carotid sinus reflex anesthetized dogs • Hollenberg et al. 1 have reported recently that intracoronary infusions of acetylcholine block the positive inotropic effects of catecholamine infusions and of stellate ganglion stimulation. Concurrently, other evidence has indicated that the vagus nerves depress ventricular contractility. 2 The present study has been designed to determine whether the negative inotropic effect of vagal stimulation is exerted, at least partially, by antagonizing sympathetic activity. Increased cardiac sympathetic activity was produced by electrical stimulation of the left stellate ganglion in some experiments, and was evoked reflexly in other experiments.
Methods
Mongrel dogs were anesthetized with an intramuscular injection of morphine sulfate (2 mg/ kg), followed 30 min later by an intravenous infusion of urethane (400 mg/kg) and chloralose (40 mg/kg). To prime the perfusion system, blood was obtained from dogs anesthetized with thiamylal sodium (12.5 mg/kg, iv). Innervated, isovolumetric left ventricle preparations were made essentially as described previously. 2 The coronary circulation and cephalic portion of the animal were perfused at constant pressure by gravity from an overflow reservoir. This reservoir was connected to a cannula in the proximal segment of the ligated left subclavian artery. The aorta was ligated just distal to the origin of the left subclavian artery. The reservoir was filled continually with blood from a rotating-disc oxy-genator by means of a roller pump. Blood from the superior vena cava and from the right side of the heart was returned by gravity to the venous end of the oxygenator. The hili of both lungs were ligated securely.
To measure left ventricular activity, a latex balloon was inserted into the left ventricular cavity. To accomplish this, a small incision was made in the left atrial appendage, and a glass tube was inserted through this incision, through the mitral valve, and into the ventricular cavity until its end could be palpated at the ventricular apex. A long metal needle was then passed through this glass tube until it pierced the apical myocardium. The glass tube was withdrawn through the atrial incision, a thread was passed through the needle eye, and then pulled through the ventricular apex. The thread now ran from the atrial incision, through the left atrium and ventricle, and out the ventricular apex. The atrial end of the thread was attached to a balloon. By pulling on the ventricular end of the thread, the balloon was guided into the ventricular cavity. It was anchored at the apex by suitable fixation of the external portion of the thread. A measured volume of liquid was introduced into the balloon, and pressure within the balloon was registered on a Beckman S-II Dynograph by means of a Statham strain gauge. A Teflon tube with multiple side holes was also inserted into the left ventricle through a second incision in the left auricular appendage, in order to remove Thebesian drainage. The heart was paced at a constant rate by stimuli applied simultaneously to the right atrium and ventricle.
In all experiments, both cervical vagi were transected. The cardiac end of either vagus nerve was excited by means of a Grass stimulator, model S4 (with stimulus isolation unit), with square-wave stimuli of 10 v, 5 msec, 20 cycles/ sec; this was found to constitute a maximal stimulus. In those experiments in which the left stellate ganglion was stimulated, the ganglion was separated from all central connections, and a bipolar shielded electrode was employed to deliver square-wave impulses from a second Grass stimulator, also equipped with a stimulus isolation unit. In those experiments in which sympathetic tone was varied reflexly, both carotid sinuses were isolated, as described previously. Intrasinusal pressure was recorded on the Dynograph by means of a second strain gauge. All data were stored on magnetic tape (Honeywell LAR-7400). To reduce sympathetic tone, the sinuses were perfused in parallel from a single reservoir elevated to a hydrostatic level of 150 to 170 mm Hg. To raise sympathetic tone, the tubing from this reservoir was clamped, and any collateral flow entering the sinuses was drained to the oxygenator. Figure 1 illustrates the results obtained in a representative experiment in which increased cardiac sympathetic nervous activity was induced by stimulation of the left stellate ganglion. Since such stimuli increase the force of ventricular contraction, the effects of changes in contractile force per se upon the response to vagal stimulation were first determined. Contractile force was varied by altering the volume of saline in the intraventricular balloon. In the first three segments of this figure, the records show the changes in intraventricular pressure with balloon volumes of 1.0, 2.0, and 3.0 ml, respectively. Right vagus nerve stimulation (event marks A, B, and C) for 45 sec elicited a maximum depression of left ventricular systolic pressure (LVSP) of 7,12, and 16 mm Hg, respectively, at these three balloon volumes. These changes in LVSP during vagal stimulation amounted to 20% of the respective prestimulation contraction amplitudes. Similar observations were made in a total of five experiments. In each experiment, it was found that the reduction in LVSP evoked by vagal stimulation, when expressed as a percentage of the prestimulation contraction amplitude, was indepen-
Results

STELLATE GANGLION STIMULATION
Vagal effects on left ventricular pressure during concurrent electrical stimulation of the left stellate ganglion. During event marks A, B, C, and D, the cardiac end of the transected right vagus nerve was stimulated electrically with pulses of 10 v, 5 msec, 20 cycles/sec. Left ventricular balloon volumes in each record segment, from left to right, were 1.0, 2.0, 3.0, and 0.8 ml. Between marks 1 and 2, the left stellate ganglion was stimulated with pulses of 3.0 v, 5 msec, 2 cycles/sec. Between marks 2 and 3, a greater stimulus pulse amplitude of 3J> v was applied. dent of the balloon volume, and hence independent of the control contraction amplitude.
In the experiment depicted in figure 1 , the balloon volume was reduced to 0.8 ml just prior to recording the fourth segment. At event mark 1, stimulation of the left stellate ganglion was begun with pulses of 3.0 v, 5 msec, 2 cycles/sec. At mark 2, the pulse amplitude of stimulation was increased to 3.5 v, and this stimulus was continued until mark 3. It is evident that stellate ganglion stimulation elicited an appreciable augmentation of LVSP. During mark D, vagal stimulation (identical with the stimuli applied during marks A, B, and C) now produced a 28 mm Hg reduction of LVSP when applied concurrently with sympathetic stimulation. This constituted a 34% diminution of the contraction amplitude, as compared with the 20% depression obtained before increasing the sympathetic nervous activity (marks A, B, and C).
The responses were similar directionally in each of the seven experiments that were done in this manner. In the absence of sympathetic nervous stimulation, the mean contraction amplitude just prior to vagal stimulation amounted to 84.8 ±8.5 (SE) mm Hg, at the greatest balloon volume employed in each experiment. Vagal stimulation elicited a mean reduction of 10.6 ±2.8% (SE) of the prestimulation amplitude. At the smallest balloon volume, but during stimulation of the left stellate ganglion, the mean contraction amplitude was 89.4 ±6.1 mm Hg prior to vagal stimulation. Under these conditions, however, identical vagal excitation evoked a significantly (P = 0.01) greater depression of contractile force, amounting to 24.0±3.6% of the prestimulation value.
REFLEX ALTERATION OF SYMPATHETIC ACTIVITY
Four additional experiments were done to determine whether the cardiac response to vagal stimulation was affected also by changes in sympathetic activity which were reflexly induced. The results of one such experiment are shown in figure 2 . Between arrows 1 and 2, the pressure in the isolated carotid sinuses was raised abruptly to 170 mm Hg. LVSP decreased to 43 mm Hg from a control value of 75 mm Hg. Since both vagi were transected, this reduction in LVSP must be attributed to a diminution of cardiac sympathetic tone. During event mark A, the cardiac end of the right vagus nerve was stun-120-L.V.P. C.S.P. 100
FIGURE 2
Vagal effects on left ventricular pressure (L.V.P.) during changes in sympathetic nervous activity induced by alteration of carotid sinus pressure (C.S.P.). During event marks A, B, and C, the cardiac end of the transected right vagus nerve was stimulated electrically with pulses of 10 v, 5 msec, 20 cycles/sec. Between the left and center panels, 1.5 ml saline was added to the left ventricular balloon; between the center and right panels, this same volume was removed.
ulated, producing a decrease of LVSP of 32 mm Hg, or 45% of the prestim ulation contraction amplitude. At arrow 3, the pressure in the isolated carotid sinuses was again elevated to 170 mm Hg, with a consequent reduction of LVSP. In the interval between recording the left and center panels (somewhat less than 1 min), the balloon volume was increased so that the contraction amplitude approximated that which prevailed with low carotid sinus pressure. Identical stimulation of the right vagus nerve (mark B) evoked only a 2335 depression of contraction amplitude during such a reflex reduction of sympathetic tone. In the interval between registering the center and right panels, the volume in the balloon was adjusted to the previous level. The carotid sinus pressure was then diminished (arrow 4), Repetition of vagal stimulation during mark C produced a 343! depression of contraction amplitude. Thus, with a relatively high degree of sympathetic tone, vagal stimulation evoked a 45 and 34J depression of contraction amplitude (marks A and C), whereas only a 233) reduction was elicited when sympathetic tone was diminished (mark B).
Relative to the composite data for all four experiments conducted in this manner, when the carotid sinuses were at atmospheric pressure, the mean level of LVSP prior to vagal stimulation was 80 mm Hg, Excitation of the cardiac end of either cervical vagus nerve diminished the contraction amplitude by a mean value of 33.035. When the carotid sinus pressure was elevated, and the balloon volume was increased concomitantly, the mean value of LVSP prior to vagal stimulation was also 80 mm Hg. Under these conditions, vagal stimulation evoked a mean reduction of contraction amplitude of only 18.7%. When the percentage depression elicited by vagal stimulation was compared in each experiment at high and low intrasinusal pressures, it was found that the mean difference for these four experiments was significantly different from zero (P = 0.025).
BIPHASIC ACTION OF VAGAL STIMULATION
Hollenberg et al. 1 described a characteristic biphasic ventricular response to intracoronary infusions of acetylcholine. There was a slight depression of contractile force during the infusion, followed by a pronounced enhancement after cessation of the infusion ( fig. 6 in their report). Biphasic responses have also been observed in our studies of the effects of vagal stimulation. Typically, however, the myocardial depression during stimulation was more pronounced than in the tracings of Hollenberg et al., whereas the poststimulation "rebound" was less apparent. Representative examples are evident with each stimulation of the vagus nerve in figure 2, as well as in records included in previous publications ( fig. 4 of ref. 2, and fig. 1 of ref. 4) . Occasionally, however, the poststimulation rebound was pronounced, as exemplified by the tracing in figure 3. In this experiment, LVSP decreased from a control level of 108 mm Hg to 96 mm Hg during vagal stimulation. Thereafter, LVSP attained a peak level of 150 mm Hg approximately 25 sec after cessation of stimulation.
Discussion
Hollenberg et al. 1 observed a characteristic biphasic response of the ventricle during intracoronary infusions of acetycholine, as described in the preceding section. Biphasic responses were also obtained in our experiments with vagal stimulation, but the magnitudes of the phases of the response were usually reversed, i.e., the myocardial depres- 
An example of a change in left ventricular pressure induced by vagal stimulation (during deflection of event marker), in which a pronounced poststimulation "rebound" appeared.
Circulation Research. VoL XIX, Jul 1966 sion during vagal stimulation was usually prominent, whereas the poststimulation rebound ordinarily was slight. Occasionally, however, the poststimulation rebound was pronounced ( fig. 3 ).
INITIAL PHASE OF MYOCARDIAL DEPRESSION
The negative inotropic phase observed by Hollenberg et al. during the actual infusion of acetylcholine was considerably more pronounced during stellate ganglion stimulation or norepinephrine infusions than during control conditions. They inferred, therefore, that acetylcholine antagonizes the facilitatory influence exerted by sympathetic nervous activity and by catecholamines. The present study reveals that the effects of vagus nerve stimulation parallel those of acetylcholine infusions. The degree of myocardial depression evoked by vagal stimulation is exaggerated during increased sympathetic nervous activity, whether induced reflexly ( fig. 2 ) or by electrical stimulation of the left stellate ganglion (fig.l) .
The implications of these findings with respect to the reflex control of ventricular performance are important. It has been recognized previously that the magnitude, and even the direction, of a reflex cardiovascular response to a given afferent input is critically dependent upon the "autonomic tuning" of the central nervous system. B ' 6 The experiments of Hollenberg et al. and the present data reveal that the reflex ventricular response to a given sensory stimulus must depend upon peripheral as well as central factors. Specifically, given a stimulus which will evoke a parasympathetic discharge of a certain extent, the magnitude of the resultant ventricular response will be influenced appreciably by the prevailing level of sympathetic tone.
It may be conjectured that the difference between the magnitude of the initial response of myocardial depression observed by Hollenberg et al. (their fig. 6 ) and that usually obtained in the present study, e.g., figures 1 and 2, is ascribable to dissimilarities in the modes of action of injected acetylcholine and of parasympathetic nervous activity. For GrcuUtioo Roarch, Vol. XIX, July 1966 example, there may be appreciable differences in the spatial distribution of acetylcholine to the ventricular myocardial fibers when it is injected intra-arterially and when it is released at parasympathetic nerve endings. In support of this view, the data of Vlk and Tu£ek reveal that neither acetylcholine nor cholinacetylase are distributed uniformly in myocardial tissue. 7 It is likely, therefore, that acetylcholine will be delivered more homogeneously to the myocardium when injected intra-arterially than when it is released at nerve endings. Finally, it is conceivable that the quantitative discrepancies between our results and those of Hollenberg et al. are attributable to differences in the levels of sympathetic activity which existed in each study. If the level of sympathetic activity or of circulating catecholamines were higher under control conditions in the present study than that in the study of Hollenberg et al., then the disparity in the magnitudes of the initial phase of the biphasuf response would be explained. A higher control sympathetic tone in our experiments would account for the greater myocardial depression during vagal stimulation than was observed by Hollenberg et al. during acetylcholine infusions. Such disparities in sympathetic activity might be due to differences in anesthetics employed in the two studies (pentobarbital in the experiments of Hollenberg et al., morphine-chloralose-urethane in our experiments), to disparities in the amount of surgical trauma, to the use of donor blood in the present study, or to a number of other possible causes.
POSTSTIMULATION .REBOUND
The rebound observed after the cessation of vagus nerve stimulation may be related to the release of myocardial catecholamines. Such a possibility is supported by a considerable body of pharmacological evidence, 8 " 10 and by the recent demonstration 11 that acetylcholine causes the release of norepinephrine from isolated, perfused hearts. However, such a mechanism could not be verified by chemical or pharmacological means in the experiments of Hollenberg et al. In our study, the rebound may be related in part to the presence of some cardiac sympathetic nerve fibers in the so-called vagus nerves; these nerve trunks are properly designated the vagosympathetic nerves in the dog. If the time constant for the disappearance of norepinephrine exceeds that for the disappearance of acetylcholine in the ventricular myocardium, then a rebound is to be expected after cessation of electrical stimulation of nerves which contain both adrenergic and cholinergic fibers.
